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Abstract-An analytical solution, based on a simple postulated distribution of the effective thermai con- 
ductivity of the fluid, is derived for the temperature variations around the circumference of a circular tube 
arising from non-uniform wall heat flux. The results are in good agreement with an existing complex 
numerical solution and in some cases are probably more accurate. The accuracy of both solutions is mainly 
determined by the accuracy with which the effective eddy diffusivity of heat in the fluid is known. Published 
experimental data for a non-uniformly heated tube are used to establish the best value. A simple formula 

for calculating temperature variations around tubes in practical cases is proposed. 

NOMENCLATURE 

mean tube wall thickness; 
heat-transfer coefficient; 
fluid molecular thermal conductivity; 
fluid eddy thermal conductivity; 
tube wall thermal conductivity; 
heat flux from wall to fluid ; 
radial co-ordinate; 
tube radius; 
boundary-layer thickness; 
temperature; 
mean temperature difference between 
tube and fluid for uniform heat flux; 
fluid -velocity ; 
friction velocity, equation (10); 
eddy diffusivity of heat; 
eddy diffusivity of momentum; 
angular co-ordinate; 
phase angle; 
fluid molecular diffusivity of momen- 
tum ; 
electrical resistivity. 

variation of tube wall thickness; 
variation of heat generation rate; 
equation (6); 
friction factor; 
harmonic number; 
conduction parameter, equation (27); 
Nusselt number; 
Prandtl number; 
Reynolds number; 
temperature, equations (2)-(4); 
velocity, equation (10); 
temperature, equation (21). 

Subscript numbers indicate amplitudes of har- 
monics. 

THE TEMP~ATU~ distribution arising from a 
non-uniform heat flux distribution around the 
circumference of a circular tube cooled by an 
internal flow is of considerable practical im- 
portance as these heat transfer conditions 
occur in many types of equipment and local 

Non-dimensional parameters overheating could cause failures. 
A, eddy diffusivity constant, equation (9); In principle, the temperature distribution 
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throughout the fluid, and hence the wall 
temperature distribution, can be calculated if 
firstly the distribution of the total effective 
diffusivity of momentum (to calculate the velo- 
city distribution) and secondly the distribution 
of the effective total diffusivity of heat are known 
throughout the fluid. Considerable empirical 
data on diffusivity distributions are available 
and detailed numerical computations of this 
type have been made. A solution to this par- 
ticular problem has been given by Reynolds [I]. 
An alternative analytical solution is presented 
to provide a check on some apparent anomaIi~ 
in Reynolds’ results and a simple formula for 
practical application. The results are also used 
to re-examine the experimental data of Black 
and Sparrow [2] to obtain the best value of 
effective eddy diffusivity of heat. 

ANALYSIS 

The general problem of forced convection 
heat transfer in a passage with non-unifo~ 
heat flux around its circumferen~ is discussed 
in [3]. It is shown that accurate estimates of the 
changes in surface temperature corresponding 
to changes in heat flux distribution within the 
fluid can be obtained from a very simplified 
physical model. This is best demonstrated by 
using the analysis as an example and the explana- 
tion is given after equation (7). The model used 
considers the fluid flow in two regions, a 
boundary layer of low velocity with the molecu- 
lar conductivity of the fluid, k, and a turbulent 
core of effective mean conductivity E’. The 
boundary layer thickness, s, is small, compared 
with the tube radius r, so that the heat flux 
through it can be considered constant at the 
local wall value and the turbulent core radius is 
effectively rO. Values of s and E’ can be chosen 
for a particular Reynolds number to give a 
good approximation to the temperature distribu- 
tion in the fluid corresponding to any heat flux 
distribution. 

Consider the general circumferential heat 
i-IUX 

4 = 40 -+ 41 cos (0 + PI) + q2 cc@ (3 -+ 402) 
+ . . . + q,cos(n@ -t $0,) IIll 

where q, is the nth harmonic with phase angle 
9.. The temperature distribution within the 
fluid due to the nth harmonic of heat flux is 
made up of a boundary-layer drop of (s/k) q,, x 

cos (ntl c cp,,) and a core distribution. Since there 
is no net heat transfer to the fluid by this 
harmonic of heat flux, the mean fluid tempera- 
ture is the same as the mean wall temperature 
and there is no axial temperature variation 
arising from this harmonic. The temperature 
distribution in the core is therefore the solution 
of the two-dimensional conduction problem 
for the boundary heat flux, which can readily 
be shown to be (e.g. see laminar solution in [l]) 
(r/ro)n rOqn cos (ufl + cp,)/nft’ 

:. Total surface temperature variation about 
mean = 

rOqn cos (~8 + p,) s k -___~ 
5% c 1 r,+nk’ 

i.e. the nth harmonic of heat flux produces an 
in-phase nth harmonic of surface temperature. 

:. t = I, -t t, cos (6 + cpr) + t, cos (28 -t- QJ 

where 

i- . . . + t, cos (ne + 40”) + . . . (2) 

(3) 

is the non-dimensional temperature used in Cl]. 
The mean heat flux qO is convected away by 

the fluid and the heat flux distribution depends 
on the velocity distribution within the fluid. 
Two limiting cases can readily be calculated. 
Firstly, for very high values of Reynolds number, 
the fluid velocity can be considered to be uniform 
in the turbulent core. 

Then inward radial flux = qO k 
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outer temperature 
- temperature at radius r 

=~[l -($I 
outer temperature 
- mean coolant temperature 

10 40 
=s 

;. “fully absorbed” (see [3]) difference between 
wall temperature and mean fluid temperature = 

or 

roqo S+k f, =: - 
k [ 1 r0 41i’ 

so = t,k.= z_ =L+k 
qOro Nu r. 4E” 

(4) 

The second limiting case is laminar flow where 
the velocity is proportions to 1 - (r/ro)*. This 
is a classical case and the corresponding surface- 
to-mean coolant temperature drop can readily 
be shown to be 1 l/24 x r. qO/kl 

i.e. 

ro 40 r* = - 
k 

(5) 

or 
s. 11 k 

S*=r,+gF. 

For laminar flow s/r0 -+ 0 and k/k’ + 1, but 
equation (5) is expressed in the same form as 
equation (4) to show the upper limit of So for 
flows which are just turbulent. 

Equations (3)-(5) give 

s, -s,=o; 
where D is function of Reynolds number and 
lies between 13124 for laminar flow and 314 for 
very high values of Reynolds number. The 
actual value will be discussed later, and 

n-lk s,--s,=--. 
n E’ 

Equations (6) and (7) enable S,, S,, . . ., etc. to be 
readily calculated if the value of k/k* can be 
determined, since S, = 2/Nu can be considered 
to be known. It should be emphasised that these 
expressions do not require any information 
about the boundary layer and would have been 
the same if much more elaborate assumptions 
had been made about the temperature distribu- 
tion in the fluid near the wall. It is for this 
reason that accurate simple expressions can be 
deduced for the d@rences between the non- 
dimensional temperatures and these will apply 
to rough as well as smooth surfaces. 

The mean eddy diffusivity of heat, C,, is 
defined by, 

iF’ = pie, + k 

or 

(8) 

The terms in this equation are: 
(1) Pr is the Prandtl number of the fluid. 
(2) c,,,/v is the ratio of the eddy diffusivity of 

momentum to the molecular diffusivity of 
momentum. Many expressions have been pro- 
posed for its distribution over the turbulent 
core (e.g. see [l] and 133) all suggest that the 
diffusivity is substantially uniform over the 
core and has an average value of 

u*ro 
p, = - 

A - 

Where U* is the friction velocity defined by 

ii 

\i 

2 

u*=ii+= s 
(10) 

= 660 Re”’ for a smooth circular tube with 
turbulent flow and A is a constant. Reference [3] 
suggests a lower limit of 10 for A and shows that 
this is in good agreement with some experimental 
data. 

z _cL _ @*To Re _-=-* 
2ii+A V VA 

(11) 



530 A. C. RAPIER 

(3) EJZ,,, is the ratio of the eddy diffusivity of Substituting equations (11) and (12) in equation 
heat to the eddy diffusivity of momentum. (8) gives 
Theoretical estimates of this ratio have been 
made by several workers. It is usually argued 

i;l= 
&.& $$ + Pr 

that for Pr,2 1 this ratio is one, but for lower +1 (13) 
values of Pr, particularly at low values of Re, 
conduction within each eddy reduces the eddy 

k 2u+A g.1 

diffusivity of heat. A typical solution due to as an expression for k’/k if the appropriate 
Jenkins [4] is value for the empirical constant A is known. 

COMPARISON WITH REYNOLDS 
th 

-= (121 CALCULATIONS 

Gn 

Pi- 

Reynolds [l] has calculated S, (n = 0 to 
n = 5) for a wide range of values of Prandtl and 

Tohle 1. Reynolds results 

Re 

lo4 
3 x IO4 

105 
3 x lo5 

106 

lo4 
3 x lo4 

lo5 
3 x lo5 

IO6 

lo4 
3 x lo4 

IO5 
3 x lo5 

lo6 

lo4 
3 x lo4 

105 
3 x lo5 

IO6 

104 
3 x lo4 

lo5 
3 x lo5 

lo6 

lo4 
3 x lo4 

10” 
3 x lo5 

lo6 

1 
1 
1 
1 
1 

1.00008 
1.00045 
1.00356 
1.0240 
1.1885 

1.00068 
1.0040 1 
1.0307 
1.1965 
2.340 

1.0074 
1.0431 
1.303 
2655 
9.45 

0.682 1 1 I 1 
0.698 1 1 1 1 
0.707 1 1 1 1 
0.712 I 1 1 1 
0.717 1 I 1 1 

0.682 1 .oOil 1GOO 1 aoo 1~000 
0.689 1.000 1 .ooo 1 a00 1~000 
0.708 1.004 1m3 lQO2 1,002 
0.709 0.990 0.989 0.992 0.993 
0,778 1.032 1,037 1.040 1.048 

0.683 0.999 
0.694 0.996 
0,691 0.977 
0.700 0,947 
0.742 0,910 

0.685 0.995 
0.696 0.978 
0,664 0.875 
0,685 0.865 
0,902 0.985 

I.064 0.675 
1,339 0.642 
3.04 0.674 
9.73 0.808 

35.3 1,012 

14.55 0.842 
39.9 0,827 

119.5 0.813 
322 0.825 
958 0.969 

n=2 

0.975 
0.847 
0,815 
0.903 
0.940 

0.90 
0.89 
0.93 
0.92 
0.94 

n=3 n=4 n=5 

1GXI 
0,997 
0.978 
0.956 
0.948 

0,995 
0.982 
0.886 
0.890 
1.013 

1.000 1.000 
0,998 0.996 
0.978 0.980 
0.960 0.962 
0.982 0.960 

0.997 o-997 
0.983 0.973 
0.897 0.903 
0.905 0.921 
1.040 1.062 

0.993 0.965 0.970 
0.859 0.868 0.875 
0.835 0.85 1 0.867 
0,925 0.945 0.968 
0.963 0,983 1 a05 

0.92 0.96 0.98 
0.92 0.94 0.96 
0.95 0.97 0.98 
0.95 0.97 0.98 
0.95 0.97 0.99 
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Pr 
-, 
k 

Re -. 
k 

3 IO4 
3 x lo4 

10’ 
3 x 10” 

IO6 

10 lo4 
3 x IO4 

IO5 
3 x lo5 

IO6 

30 lo4 
3 x lo4 

lo5 
3 x IO5 

106 

100 104 
3 x lo4 

IO5 
3 x lo5 

lo6 

1000 lo4 
3 x lo4 

IO5 
3 x lo5 

IO6 

65.2 040 0.90 
176 0.78 0.95 
518 0.64 0.92 

1390 0.72 o-92 
4120 OW 0.92 

218 
586 

1730 
4640 

13700 

652 
1760 
5180 

13900 
41200 

2.18 x lo3 
5% x lo3 

17.3 x lo3 
46.4 x lo3 

137 x lo3 

2.18 x to4 
5.86 x lo4 

17.3 x lo4 
46.4 x lo4 

137 x lo4 

0.83 
0.73 
@55 
@56 
0.75 

0.6 
0.5 
0.3 
0.3 
0.5 

0.4 
-0.1 
-0.3 
-0.5 
-0.1 

0.92 
0.9 1 
0.90 
0.93 
0.90 

0.9 
0.9 
1.0 
0.9 
0.9 

@9 1.0 
0,9 1.0 
1.0 l,O 
0.9 1.0 
0.8 0.8 

-3 0.9 1 ,o 1.2 
-4 1.2 1.7 1.6 
-7 o-7 1.0 0.9 
-8 0.9 0.9 0.6 
-6 O-8 1.1 0.9 

~~~- 

Reynolds numbers. The assumed distribution of 
eddy diffusivity of momentum is equivalent to a 
value of A of about 16. For the value of Z&, 
Reynolds uses Jenkins’ expression multiplied 
by 1.15 for low values of Prandtl number and 
1.15 for high values i.e. 

that [n/(n - l)](E’/k)(S, - S,) is very nearly 
equal to 1 over the whole ranges of Prandtl and 
Reynolds numbers. This shows the approximate 
formula equation (7) agrees with Reynolds 
calculations to just about the accuracy to which 
these differences were computed. 

E 
,-; (S, - S,) 

,cs, - So) _______^_~__ 

n=2 n=3 n=4 
___- -_ 

El 1.15RePr RePr -t Pr -_ _h 
k 326 + 

+ 1, Pr < @7 (14) 

E’ l-15 Re Pr -& 
k 32ii+ 

+l, Pr>3 (15) 

Table 1 gives values of k’/k for these expressions 
and values of (El/k) (S, - S,) and (~‘/k) 

[n/M - l)](S, - S,) for n = 2, 3, 4 and 5 using 
the values of S, tabulated in [l]. It can be seen 

0.93 
0.95 
0.94 
0.94 
0.93 

0.92 
0.94 
0.94 
0.90 
0.93 

1.0 
1‘0 
0.9 
0.9 
0.9 

n=5 

0.96 0.99 
0.96 0.99 
0.96 o-97 
0.97 0.97 
0.96 @97 

0.96 
0.96 
0.95 
0.93 
0.95 

I.0 
1.0 
1 .o 
1 .o 
0.9 

1.0 
1.0 
0.9 
1-O 
0.9 

0.98 
0.98 
0.98 
@93 
0.96 

1 .o 
1.0 
1.0 
1.0 
1 .o 

1.0 
1.0 
1-o 
1.0 
0.9 

1.1 
1.5 
@9 
06 
0.9 

For Pr = 0, the values of (E”/k)(S, - S,) are 
the values of D in equation (6) and are shown 
plotted as a function of Reynolds number in 
Fig. 1. For turbulent flows it is usually su~ciently 
accurate to use I) = 0.70. If there were perfect 
agreement between Reynolds calculations and 
equation (6), the variation of (E’/k)(S, - S,) 
with Reynolds number would be exactly repeated 
for all values of Prandtl number. This is approxi- 
mately true for the smaller values of Prandtl 
number; as the Prandtl number increases the 
discrepancy becomes larger and some negative 
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FIG. 1. D as a function of Reynolds number. 

values are given. These discrepancies probably 
arise because the values of S, have been taken 
from a different computation which used similar, 
but not identical, expressions for the distribu- 
tion of the eddy diffusivities of momentum and 
heat. For the higher values of Prandtl number, 
S, - S, is only a small proportion of S, or S, 
and very small discrepancies in the method of 
calculation could give relatively large errors in 

St - S,. The approximate expression, equation 
(61, is probably more accurate therefore than 
the values given in [l]. 

It is concluded that if S,, i.e. Nu, is known, 
S, may be obtained from equations (6) and (7) 
with sufficient accuracy for practical calcula- 
tions The accuracy is limited by the accuracy 
with which k’/k can be specified, the particular 
values used in [I] are subject to considerable 
uncertainty (see below). The difference between 
the effort required to use equations (6) and (7) 
and the effort required to carry out the numerical 
calculation may be noted. 

COMPARISON WITH BLACK AND 

SPARROW’S EXPERIMENTS 

Black and Sparrow [2] investigated the 
non-uniform heat transfer from the circum- 
ference of a circutar tube to air flowing through 
it. The heat is generated non-uniformly by 
using a tube with a wall thickness of b(1 + B 

cos 6) and passing an electric current along it. 
The local heat generation rate per unit volume 
of tube material is proportional to the Iocal 
tube material resistivity, since the axial voltage 
gradient does not vary around the tube. If to a 
first approximation the wall temperature varia- 
tion about its mean value is tl cos 8, the local 
material resistivity, o is given by 

w 
- = 1 -t $$osN. (16) 
00 0 ’ 

Where o0 is the resistivity at the mean circum- 
ferential wall temperature. 

In the experiments k 2 e 0.001 l/C 
0 

t1==9T 

Heat generation rate 

Mean heat generation rate 
= 1 -t Ccos8 

1 -t BCOSB = 

1 + ~~COSD 
(0” dt 

:. B - c h 0.01. 

The results are presented as graphs of the 
measured inner walI temperature variation 
about the mean value divided by the mean wall- 
to-gas temperature difference (the outer wall 
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temperatures are actually measured and a 
correction applied, but this is small, see Appen- 
dix) and graphs of the calculated wall heat flux 
divided by the mean wall heat flux. The heat 
flux variation is obtained by an elaborate 
solution to the problem of conduction in the 
tube wall. The local inner wall heat flux is 
assumed to be the difference between the local 
generation rate and the neat heat conducted 
to that point round the tube wall due to the 
measured temperature distribution. This heat 
flux variation is probably overestimated for two 
reasons; first, the variation in heat generation is 
assumed to be B not C, i.e. resistivity changes 
are ignored, and secondly, although an allow- 
ance is made for the overall loss from the outer 
surface through the insulation, no allowance 
is made for the contribution of the insulation to 
the redistribution of the heat flux circumfer- 
entially. 

An alternative analysis (see Appendix) shows 
that the variation of tube wall thickness will 
introduce higher harmonics of the temperature 
and heat flux variations. but to a very good 
approximation, for the ratio of the tube wall 
thickness to tube radius actually used, the first 
harmonic amplitudes are given by: 

41 c 
40 = 1 + N&/a 

and 

(17) 

Since for gas cooling Pr + 1, El/k >> 1 (see 
Table 1) 

. ft’__+& . * 
k v &’ (1% 

Using equation (4), (6), (11) and (19) 

S s, - so 
‘=l+--- so 0 (20) 

=I+_ Ap. 
t,’ 

where 

Pr Re 
i; = ____ 

U+ Nu 
(21) 

is the non dimensional surface-mean coolant 
temperature drop [3]. If the following numerical 
values are assumed 

r0 = 14.89 mm, b = OS4 mm 
k = 0.0278 Wjm”C, k,? = 16.5 IVjm”C 
Pr = 0.725 
Nu = 0.95 x 0.023 Re”’ Pro’4 (Fig. 12 [2]) 

= 0.0192 Re” * 
N = 3,380 Re-“‘, using equation (27) 
I: = 5.72 Re”‘, using equations (10) and (21) 
c = 0.50 
D is taken from Fig. 1. 

ql/qo and tilt, can be determined as functions of 
Re for various values of AC,&, using equations 
(17), (18) and (20). They are shown as curves in 
Fig. 2 together with the values taken from the 
figures in [2]. The experimental values of t,/i,, 

0.4 - 

Experimental results x t, /c 

FIG. 2. Amplitudes offirst harmonics. 
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are in good agreement with the theoretical line 
for Ac,/t, = 10, remembering the probable 
experimental errors and the possible errors in 
the numerical data used for the theoretical 
estimates, e.g. C should be reduced to allow for 
resistivity variations. As explained above, Black 
and Sparrows’ estimates of ql/qo are probably 
too large. Allowance for resistivity variations 
would probably reduce each value by a constant 
of about O-01. Allowance for additional damping 
by the lagging would reduce all the values, with 
relatively greater reductions at the lower values 
of Reynolds number. 

The conclusion is that the measured tempera- 
ture variations are consistent with a value of 
AC,&, of 10 and the corrected values of q,/q, 
would support this. The circumferential varia- 
tion of Nusselt number is therefore greater than 
given by Black and Sparrow and in better 
agreement with the predictions of Sparrow and 
Lin [5]. This discrepancy could not be satis- 
factorily explained in [2]. 

DISCUSSION AND CONCLUSIONS 

The approximate formulae [equations (6) 
and (7)] for the non-dimensional amplitudes 
of the harmonics of wall temperature variation, 
S, (n 2 l), have been shown to be in good 
agreement with the numerical calculations of 
Reynolds [l]. They can therefore be used as 
working formulae for practical calculations. 
Their accuracy is limited by the accuracy with 
which it is possible to specify the ratio of the 
mean effective eddy conductivity of the fluid 
to its molecular conductivity, k’/k. This also 
applies to the detailed numerical calculations. 

An analysis of the experimental results of 
Black and Sparrow [Z] suggests a mean level 
of eddy conductivity corresponding to Ac,/L,, = 
10 or, since t,,/t, e 1 for their experimental 
conditions, 

A = 10 i.e. from equation (9) 

u*ro 
E,=--. 

10 
(22) 

This is close to the value suggested in [3], but a 
rather larger diffusivity than used in many 
calculations, e.g. [l]. 

Equations (11) and (12) give for Pr < 1, 

PrRe 

lSii+A 
+ Pr 

ch 
-= 

%I 
(23) 

For turbulent flow ii+ + 15-25. [equation (lo)]. 

PrRe 
5 can be assumed to be 1 if __ 
Gn 

15u+A 9 1 

i.e. if Pr Re = P&let number > lo4 

(this must be turbulent flow since the Jenkins’ 
formula only applied for Pr < 1). 

Equation (13) then reduces to 

-1 k PrRe 
-==. 
k 2oz3+ 

From Fig. 1, D ‘v 0.70, equations (4), (6) and 
(2 1) give 

s,-s, 7 
-q--=cy 

equations (4), (7) and (21) give 

(24) 

Sl - s, n - 110 
pzzzz 

So 
----+ 

n t, 

t .2! %I al .. _ z-- 
t D so 40 

(25) 

( Sl - so s,-s, qn 
= 1+s----- 0 ) so 40 

(26) 

For turbulent flow with P&let numbers 
greater than 104, equation (26) provides a 
simple relationship between the amplitudes of 
the harmonics of the temperature and heat 
flux variations to the accuracy of the available 
experimental data. 
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Define h, = qO& = mean heat-transfer co- 
efficient of the channel and h, = q Jt, = ampli- 
tude of nth harmonic of heat-transfer coefficient. 

For turbulent flow of gases (Pr L.= OG’), i,’ will 
be typically 15 for smooth surfaces and 7 for 
very rough surfaces. Substituting in equation 
(26) gives 

4. R. JENKINS, Variation of the eddy conductivity with 
Prandtl modulus and its use in prediction of turbulent 
heat transfer coefBcients, Proceedings Heat Transfer 
and Fluid Mechanics Institute, Stanford University 
(1951). 

5. E. M. SPARROW and S. H. LIN, Turbutent heat transfer 
in a tube with circumferentially varying temperature 
or heat flux, ht. J. Heat Mass Transfer 6, 866-867 
(1963). 

!!Q-J.- 
h, o 2t+ 

Smooth 

l-47 

l-13 

1.02 

0.97 

etc. 

Rough 

200 

1.29 

1.05 

0.93 

These values can be compared with two simpler 
assumptions which have been suggested. Firstly 
that the local heat-transfer coefftcient is con- 
stant around the circumference, i.e. ho/h, = 1, 
which over-estimates h,, h, and h,, i.e. is 
optimistic in under-estimating the magnitude 
of the temperature variations. Secondly that 
the local heat-transfer coefficient is inversely 
proportional to the local heat flux, i.e. ho/h, = 2 
for small variations from the mean. This 
under-estimates h, except for the first harmonic 
with a very rough surface. Usually only the 
first harmonic is of practical interest and a 
useful working rule for smooth tubes to the 
accuracy of the available experimental data is 

h,lh, = 2/3 for turbulent flow in gases. 
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APPENDIX 

The Temperature Distrjbution in a Heated Tube of Varying 
Wall Thickness 

Consider a tube of internal radius r0 and wall thickness 
b (1 c B cos 0). If it is heated by passing an electric current 
through it, the local rate of heat supply per unit inside surface 
area will be q0 (1 + Ccost?) where C = B if the material 
resistivity is constant around the circumference, but in 
general the resistivity will vary with temperature. There 
will be a parabolic distribution of temperature in a radial 
direction with a slope of -q,/k, at the inner surface and 
zero at the outer surface assuming no loss there. 

Temperature drop across thickness = $. 
s 

At 9 = n/2, temperature difference between surface and 
coolant = f, 

2wo 
Nuk 

* Mean temperature drop across thickness = Nub 5 
. . 

& 4ro 4 

1 bZ 

%--2N r, 0 

Where 

N= 
2bk, i bk 

Nu[r, + (b/2)] k = 40’0[‘*. 
(27) 

For Black and Sparrow’s [3] experiments 

Mean temperature drop across thickness 1 
.-. 

i, -1ooo 

It is possible therefore to neglect radial variations in tem- 
perature in determining the equation for the redistribution 
of heat flux around the tube by conduction, It is also only 
necessary to consider solutions which are symmetrical 
about the line 0 = 0. 

.‘. Local rate of heat supply per unit inside surface area = 
&# + Ccos8) = &J + q,cosB + g,cos28 + . . . + q,cosnff 

1 a i- kbfl + B cos 0) &f _ _ _’ 

+ [r, + (bB/2) cos 0) d0 t t-r0 + (b/2)1 d 
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r,-~costl-r,sincecosnal, b<ir and B<l 
Each square bracket must be zero and a solution for any 

number of harmonics can be obtained by assuming all the 

higher harmonics are negligible. 

:. ccoso= ~~c*so + ~cos?O + . . . + ~~cosno 
Yo Yo 40 

From equations (2) and (3) 

Substituting these values gives 

Y2 NBS, -=_ 
Yl S, + 4NS, 

then 

- nZS, 5! cos nH. c‘s, 
Yo 

0 = - CS, -t 6, + NS,); + NBS, ; I cos 0 

+ i N&q, ltL -t (S, + 41-v’s,) 2 + 3NBS, 5 1 cos 28 
‘I0 40 40 

+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

n(n - I) 
+ - NBS,.. , F + (S, + n+VS,) !J 

2 Yo 

n(n + 1) 
+p NBS,,, f?Z 

I 
cos no Cl s, 41 es1 

2 
-=----*---_. 

40 til so 40 ‘s, + MS, 

:. Equation (17) is a good approximation for y,/~/~ for 

most practical purposes 

For large values of n, (&q_i) + - (B/2) i.e. the ampli- 

tudes of the harmonics of heat flux usually decreases rapidly. 

Assuming that qt is negligible 

4f = CS” ---. 
40 S, + NS, 

Assuming that q3 is negligible 

TRANSFERT THERMIQUE DE CONVECTION FORCEE DANS UN TUBE CIRCULAIRE 
AVEC FLUX THERMIQUE CIRCONFERENTIEL NON UNIFORME 

RLsumP--On obtient une solution analytique basee sur une hypothese de distribution simple de la con- 
duetivite thermique effective du fluide, pour Ies variations de temperature sur la circonference d’un tube 
circulaire, variations r&mltant d’un flux thermique non uniforme a la paroi. Les risultats sont en bon 
accord avec une solution numerique complexe deja existante, et darts certains cas sont probablement ptus 
p&&,. L’exactitude des deux solutions est principalement diterminee par la precision avec iaquelle est 
connue la diffusivite par turbulence effective de la chaleur dans le fluide. 

Des resultats experimentaux publies pour un tube chauffe non uniformement sont utilises pour etablir 
la meilleure valeur. On propose une formule simple pour calculer les variations de temperature autour 

de tubes dans des cas pratiques. 

(17) 

WARMEUBERTRAGUNG DURCH ERZWUNGENE KONVEKTION IN EJNEM 
KREISFiiRMIGEN ROHR MIT NICHT GLEICHBLEIBENDEM WARMSTROM LANGS 

DES UMFANGS 

Zusmmmeafassung-- Eine analytische Liisung, beruhend auf einer einfach postulierten Verteilung der 
effektiven W~rmeleit~higkeit des Fluids, wurde fiir die Tem~raturschwankungen langs des Umfangs 
eines kreisfiirmigen Rohres, die von einem nicht gleichmlssigen Wandw~~estrom herriihren. abgeleitet. 
Die Ergcbnisse sind in guter &ereinstimmung mit einer existierenden. komplizierten numerischen 
Losung und in einigen Fallen wahrscheinlich genauer. 

(18) 
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Die Genauigkeit der heiden LGsungen wird hauptslchlich durch die Genauigkeit hestimmt, mit der der 
effektive Scheindiffusionskoeffizient der W&me in dem Fluid hekannt ist. Veriiffentlichte experimentelle 
Werte fiir nicht gleichm&ssig heheizte Rohre wurden henutzt. urn den besten Wert festzustellen. Eine 
einfache Formel zur Berechnung von Tempe~tur~hwankungen rings urn Rohre in praktischen Fgllen 

wird vorgeschlagen. 

AH~OT&~U~-~O~~I~eHO aHa~~~T~~qeCKOe peuteHcte, OCHOBaHHOe Ha IIpOcTOM IiOCT~JIHpO- 

BaHHOM p3.cllpe~eJIeHMLl 3@+eKTIIIWOfi TeIIJlOnpOBOflHOCTlI HUI~KOCTH, WUl TeMIIepaTJ’pHbIx 

HlsMeHeHkiiI II0 OHpyl~llOCTIl KpyFJIOll TpY6b1, BbI3BaHHhIX HeO~HOpO~HbIM IIoTOKOM TeIIJIa Ha 

CTeHKe. Pe3ynbTaTLI IIaXOAFlTCR B XOpOlUeM COOTBeTcTRHM C C~~eCTF%~MLWIM CJIOZ-KHbIM 

‘IMCJIeHHbIM peUIeHMehl, 3 11 HeKOTOpbIX cJIyqanX, BepORTHO, 6OJIee TO1lHhI. r~OVHOCTb OFiOllX 

~~eLUeHH~, B OCHOBHOM , OllpeJ&YIReTCR TOt?HOCTblO, SKIBeCTHOLi AJIEI a@~eiiTiiRHOit TJ’pf$‘JIeti- 

THOn Te~nepaT;ypOn~)OHO~HoCTLr ES ?~~~~~KOCT~~. On~~~~KOBaHHbie 3l~ClIepIl~eHTa~bHb~C 

)JaIIHbIe J(JlR HeO~~O~O~~IO HarpeTO~ Tpj’r)bI ~lC~O~b3~~TC,~ ,?JIH ~CTaHO~~eH~i~ Hal‘i~yq~erO 

3KaYeHm. npennomeiia npocTaR ipopwryza pacGTa TeiwepaTypHbrx mnreHesw# tra npaKTaKe. 


